Ventricular assist device (VAD) implantation is an effective treatment for patients with end-stage heart failure. However, patients who undergo long-term application of VADs experience a series of VAD-related adverse effects including pump thrombosis, which is induced by rotate impeller-caused blood cell injury and hemolysis. Blood cell trauma-related flow patterns are the key mechanism for understanding thrombus formation. In this study, we established a new method to evaluate the blood cell damage and investigate the real-time characteristics of blood flow patterns in vitro using rheometer and bionic microfluidic devices. The variation of plasma free hemoglobin (PFH) and lactic dehydrogenase (LDH) in the rheometer test showed that high shear stress was the main factor causing erythrocyte membrane injury, while the long-term exposure of high shear stress further aggravated this trauma. Following this rheometer test, the damaged erythrocytes were collected and injected into a bionic microfluidic device. The captured images of bionic microfluidic device tests showed that with the increase of shear stress suffered by the erythrocyte, the migration rate of damaged erythrocyte in bionic microchannel significantly decreased and, meanwhile, aggregation of erythrocyte was clearly observed. Our results indicate that mechanical shear stress caused by erythrocyte injury leads to thrombus formulation and adhesion in arterioles.
Introduction
The concept of mechanical circulatory support (MCS) was developed rapidly to resolve the shortage of donor hearts for heart transplantation and the sustained increase of heart failure (HF) mobility and mortality. MCSs with ventricular assist devices (VADs) were originally designed as a temporary therapy for bridge-to-transplant (BTT). Nevertheless, VAD implantation is an efficacious treatment as a destination therapy for patients with end-stage HF, which is refractory to current medical therapy and can effectively improve the long-time survival rate to approximately 81% and 70% at 1 year and 2 years, respectively [1, 2] . The therapeutic benefits of VAD implantation are that it Processes 2019, 7, 372 2 of 10 also improves the functional capacity and quality of life. However, patients who undergo long-term application of VADs experience a series of VAD-related adverse events, including right heart failure, pump thrombosis, gastrointestinal bleeding, driveline infection, stroke, and aortic insufficiency [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Among these VAD-related complications, thrombosis is concerning as a multifactorial complication which is related to other adverse events, such as hemolysis, stroke and bleeding, and can induce rapid clinical deterioration [11] . The mechanism of thrombosis has been studied for decades, and the induced factors of thrombosis lead to a decreased or turbulent flow pattern in VADs and suboptimal anticoagulation. Furthermore, hemolysis and von Willebrand deficiency, which are related to mechanical damage caused by rotate impellers, can also induce thrombosis. It is difficult to visualize the thrombosis in vivo. Therefore, various in vitro test methods and devices have been applied to monitor and evaluate blood clotting and platelet function to avoid thrombosis, such as assays for bleeding time, activated clotting time (ACT), activated partial thromboplastin time (APTT), thromboelastography, and platelet aggregometry. However, all of these parameters are tested under static or irrelevant flow conditions, which fail to incorporate the true flow pattern and status in blood vessels. Furthermore, the test devices are also quite different from actual vessel structures, especially the structure of stenosis arteries segments. Therefore, there is an urgent demand for a new method to investigate the real-time thrombus formation process and evaluate the relationship with the assessment of the blood cell damage in the region of VAD application.
Microfluidic devices, on which the blood flow pattern in simulated small vessels can be observed directly, have recently been used to study erythrocyte movement and blood flow in small vessels in vitro [12] . Based on bionic microfluidic devices, atherosclerotic confinement of vessels and blood flow patterns (including flow rate and physiological and pathological shear stress) in microscale arterioles can be simulated for basic combined research on whole blood and extracellular matrix surface coating or treatment [13] [14] [15] . However, the flow patterns were controlled by injecting flow rate and pressure, but were too coarse to maintain consistent inner shear stress force and flow rate in a device with several microscale channels. Furthermore, traces of experiment blood were difficult to collect and measure for the evaluation of the blood cell damage. In our previous research, the relations among erythrocyte morphology, membrane damage, and the concentration of specific plasma proteins had been revealed and confirmed, and the changes of plasma free hemoglobin (PFH) and lactic dehydrogenase (LDH) concentrations in plasma can be measured and analyzed to evaluate the degree of erythrocyte rupture and the degree of erythrocyte membrane injury, respectively [16] . Here, we collected fresh whole blood from sheep and exposed it to a fixed shear stress environment generated by a rheometer for blood cell damage assessment. Then, the damaged blood was collected and injected into a bionic microfluidic device, which was designed to mimic arterioles with several continuous stenosis segments, to investigate and evaluate the effects of red cell damage at different degrees on the flow pattern inside the microfluidic channel.
Materials and Methods

Blood Collection
Fresh total blood was collected from the jugular veins of 3 healthy adult male sheep (aged about 4 years old, with a body weight of around 80 kg) for fixed shear stress and microfluidic channel tests. A large bore needle (16G) was applied to collect 400 mL blood into a 500 mL sterile PVC bag prefilled with 56 mL of citrate phosphate dextrose adenine (CPDA-1) anticoagulant; the procedure was performed according to American Society for Testing Materials (ASTM) Standard Practices F1830, and the aseptic technique was followed strictly. The fresh sheep blood was stored and transported with the temperature between 2 and 8 • C, and the time interval from collection to experiment was within 8 h. Before the experiment started, the collected sheep blood was kept quiescent in room temperature and rewarmed slowly to 24 • C while maintaining the temperature of 37 • C with a water bath during the experiment process. According to ASTM Standard Practices F1841, the hematocrit of blood applied in the tests was adjusted to 30% by a phosphate-buffered saline.
Hemolysis Evaluation under Fixed Shear Stress
A rheometer (MCR 310, Physica, Anton Paar GmbH, Graz, Austria) and coaxial cylinder testing mold CC27/E were applied to provide a well-defined test environment of fixed shear stress ( Figure 1) . The rotor and container were immersed in 75% ethanol for 5 min for sterilization and rinsed thoroughly with normal saline (NS) at the beginning of the experiment. NS was also used to rinse the residual blood at each test interval. Pre-warmed blood (6 mL) were slowly injected into containers for each testing. The gap between a rotor and container was set as 0.5 mm and the temperature of container was maintained at 37 • C. The shear stress was set as 0, 25, 50, 75 and 100 Pa, with the exposure time of 5, 10 and 15 min. At the end of the tests, two 1.5 mL blood samples were collected from the bottom of the containers. Each blood sample was centrifuged twice at 3000 rpm for 5 min at a temperature of 4 • C. Supernatant was collected to measure the concentration of PFH and LDH, while the curves showing the changes of PFH and LDH concentrations over time at each shear stress gradient were also drawn.
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A rheometer (MCR 310, Physica, Anton Paar GmbH, Graz, Austria) and coaxial cylinder testing mold CC27/E were applied to provide a well-defined test environment of fixed shear stress ( Figure  1 ). The rotor and container were immersed in 75% ethanol for 5 min for sterilization and rinsed thoroughly with normal saline (NS) at the beginning of the experiment. NS was also used to rinse the residual blood at each test interval. Pre-warmed blood (6 mL) were slowly injected into containers for each testing. The gap between a rotor and container was set as 0.5 mm and the temperature of container was maintained at 37 °C. The shear stress was set as 0, 25, 50, 75 and 100 Pa, with the exposure time of 5, 10 and 15 min. At the end of the tests, two 1.5 mL blood samples were collected from the bottom of the containers. Each blood sample was centrifuged twice at 3000 rpm for 5 min at a temperature of 4 °C. Supernatant was collected to measure the concentration of PFH and LDH, while the curves showing the changes of PFH and LDH concentrations over time at each shear stress gradient were also drawn. 
Bionic Microfluidic Device Design and Visualization of Injected Erythrocyte Trajectories
The bionic microfluidic channel was designed using AutoCAD software and fabricated through standard lithographic method [17] . The microfluidic device was composed of polydimethylsiloxane (PDMS) and a glass plate, which is one layer with the height of 20 μm, and the detailed channel parameters are shown in Figure 1 . After exposed to stable shear stress on a rheometer platform for 
The bionic microfluidic channel was designed using AutoCAD software and fabricated through standard lithographic method [17] . The microfluidic device was composed of polydimethylsiloxane (PDMS) and a glass plate, which is one layer with the height of 20 µm, and the detailed channel parameters are shown in Figure 1 . After exposed to stable shear stress on a rheometer platform for Processes 2019, 7, 372 4 of 10 10 min, the whole blood sample was collected and injected into the inlet hole of the microchannel with the flow rate of 0.12 mL/min. The visualization of injected flowing erythrocyte trajectories in the microchannel were captured using a high-speed camera (M710, Phantom Co., New Jersey, USA) under the bright field provided by an inverted microscope (Leica DME6000 B, Leica Co., Wetzlar, Germany). The video analysis was processed using ImageJ software.
Statistical Analysis
The statistical analyses are performed with the one-way analysis of variance (ANOVA) using the prism software (GraphPad, San Diego, CA, USA). The data are reported as mean ± standard error, and p-values of * p < 0.05, ** p < 0.01, *** p < 0.001 were considered statistically significant.
Results
Variation of PFH Concentration with Gradient Change of Shear Stress and Exposure Time
PFH is a classic label which is first applied to evaluate the red blood cell damage caused by VADs. The world-recognized CF-VADs testing process (American Society of Testing Materials Standard Practices F1830, ASTM F1841) and evaluation index, including normalized index of hemolysis (NIH) and modified index of hemolysis (MIH), were established on the basis of PFH concentration measurement. According to the curve of PFH concentration variation, shown in Figure 2a , when the blood was exposed in a mechanical shear stress environment, within 5 min, the concentrations of PFH release under 25 to 100 Pa rose synchronously without notable differences. When the exposure time increased up to 10 min, the concentration of PFH rose rapidly in the group with 75 and 100 Pa shear stress. In particular, extremely high PFH releases were detected in the 75 and 100 Pa groups when the exposure time reached 15 min. Meanwhile, as shown in Figure 2b , in a low shear stress environment (25 Pa and 50 Pa), there were no significant changes of PFH concentration with the increasing of exposure time. However, in the high shear stress condition, especially under 100 Pa, PFH release rose extremely high with the extension of exposure time. Therefore, long exposure time under high shear stress environment would induce more damage to erythrocytes.
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LDH Release with Gradient Change of Shear Stress and Exposure Time
Compared to PFH, LDH is a novel and more sensitive protein label to assess the trauma of the erythrocyte membrane. Differently to PFH release based on erythrocyte rupture, injuries to the red blood cell membrane will induce an increase of LDH concentration in plasma. As the results show in Figure 3a , there was no significant difference in LDH release between the three groups with the exposure times of 5, 10, and 15 min in a low shear stress environment within 50 Pa. The increase of LDH concentration was smooth and maintained a low level. However, when blood was exposed to a high shear stress condition (especially at 100 Pa), the concentration of LDH rose rapidly with the increase of exposure time. Meanwhile, as the curve shows in Figure 3b , LDH release was insensitive to the prolonging of exposure time at low shear stress conditions in 25 Pa and 50 Pa. However, the concentration of plasma LDH increased dramatically in a high shear stress environment, and the longer the exposure was, the greater the influence became. Therefore, high shear stress force was the main factor causing erythrocyte membrane injury, and the long exposure time could aggravate this trauma.
Flow Patterns Monitoring with Bionic Microfluidic Devices
After being exposed to a 25, 50, 75, and 100 Pa shear stress environment for 10 min, blood samples were collected for the bionic microfluidic device test. The initial flow rate of blood sample injected into microfluidic devices was maintained as 0.12 mL/min by a micropump. As shown in Figure 4 , compared to the morphological characteristics of red blood cells (RBCs) exposed to 25 and 50 Pa shear stress force, more poikilocytes (characterized by sphericity), swelling, and multiple spines were found in the 75 and 100 Pa groups. The mean migration rate of erythrocytes at the posterior region of stenosis in the bionic microfluidic channel, which were subjected to 0, 25, 50, 75, and 100 Pa for 10 min, were 467.55 ± 74.16, 444.39 ± 41.82, 354.43 ± 46.93, 250.91 ± 34.67, and 152.87 ± 27.33 μm/s, respectively. With the increase of shear stress force applied, the migration rate of damaged erythrocyte in the bionic microchannel declined significantly. However, the aggregation of RBCs rose notably with the increase to an exposed shear stress environment, which was synchronous with the degree of erythrocyte damage assessed previously. Moreover, thrombus was captured in the 
LDH Release with Gradient Change of Shear Stress and Exposure Time
Flow Patterns Monitoring with Bionic Microfluidic Devices
After being exposed to a 25, 50, 75, and 100 Pa shear stress environment for 10 min, blood samples were collected for the bionic microfluidic device test. The initial flow rate of blood sample injected into microfluidic devices was maintained as 0.12 mL/min by a micropump. As shown in Figure 4 , compared to the morphological characteristics of red blood cells (RBCs) exposed to 25 and 50 Pa shear stress force, more poikilocytes (characterized by sphericity), swelling, and multiple spines were found in the 75 and 100 Pa groups. The mean migration rate of erythrocytes at the posterior region of stenosis in the bionic microfluidic channel, which were subjected to 0, 25, 50, 75, and 100 Pa for 10 min, were 467.55 ± 74.16, 444.39 ± 41.82, 354.43 ± 46.93, 250.91 ± 34.67, and 152.87 ± 27.33 µm/s, respectively. With the increase of shear stress force applied, the migration rate of damaged erythrocyte in the bionic microchannel declined significantly. However, the aggregation of RBCs rose notably with the increase to an exposed shear stress environment, which was synchronous with the degree of erythrocyte damage assessed previously. Moreover, thrombus was captured in the microchannel of the 75 and 100 Pa groups. The migration of thrombus and surrounding flow rate of 75 and 100 Pa groups Processes 2019, 7, 372 6 of 10 were slower than the other two groups. These results indicate that slow flow patterns can also lead to thrombus deposition and adhesion in arterioles.
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Discussion
Erythrocyte damage caused by high shear stress generated by the rotation of the inner impeller is the main problem of VADs that cannot be ignored, and has been demonstrated to induce damage of the erythrocyte membrane, increase cellular fragility, reduce deformability, enhance aggregation and, finally, increase the risk of intervascular hemolysis and thrombosis [18] . The variation of PFH and LDH in the rheometer tests showed that high shear stress was the main factor causing red blood 
Erythrocyte damage caused by high shear stress generated by the rotation of the inner impeller is the main problem of VADs that cannot be ignored, and has been demonstrated to induce damage of the erythrocyte membrane, increase cellular fragility, reduce deformability, enhance aggregation Processes 2019, 7, 372 8 of 10 and, finally, increase the risk of intervascular hemolysis and thrombosis [18] . The variation of PFH and LDH in the rheometer tests showed that high shear stress was the main factor causing red blood cell membrane injury. This result is consistent with our previous observations, and an effective interpretation of the influence of shear stress force on hemolysis [19] . Meanwhile, with the increase of exposure time in a fixed shear stress environment, the release of PFH and LDH rose gradually. This is consistent with the phenomenon reported by Shimono, that a lot of erythrocytes were suddenly ruptured in the long-term in vitro hemolysis tests [20] . The result indicated the cumulative damage of erythrocyte membrane increased with the extension of exposure time and, finally, aggravated the occurrence of hemolysis.
Increased blood viscosity, effects on the vessel wall, platelet activation, and thrombin generation, and the effects of fibrinogen and fibrin are established risk factors for thrombosis [21] . Blood consists of a large number of blood cells suspended in plasma. The total of white cells and platelets occupy less than 1% of blood volume, while RBCs are the dominant component of the blood, accounting for 40%-45% of blood volume [18] . Growing evidence suggests erythrocytes contribute to blood thrombosis because erythrocytes mediate blood rheology, interact with fibrinogen and fibrin, interact with other cells, and also support thrombin generation [22] . The rheological properties of blood are primarily governed by the concentration of RBCs, size, sharpness, deformability, intrinsic viscoelastic properties and fibrinogen-binding ability [23] [24] [25] . Therefore, the investigation of blood flow rheology and thrombus generation process directly in arterioles and its relationship with blood cell trauma under high shear stress environments is the key mechanism for research of thrombus formation. However, it is difficult to identify the mechanisms of thrombosis in clinical and epidemiologic studies, due to inaccurate identification of causation. Moreover, previous in vivo studies based on animal models, it was also difficult to interpret the effects of erythrocyte on thrombosis, due to the preparation and evaluation of the injured erythrocyte and the limitations of current observation techniques. Thus, microfluidic devices are applied to observe the dynamic movement patterns of erythrocyte. Previous microfluidic device experiments have confirmed that thrombosis can be induced by blood contact with exogenous materials and local flow conditions [26] [27] [28] . These studies depended on the parallel plate channel structure on microfluidic devices to provide similar arteriolar flow conditions in live vasculature. It is impossible to control the effect of specific shear stress on RBCs in the microchannel. Previous studies have shown that exposure to shear stress environments would induce erythrocyte membrane injury, resulting in swelling, irregular deformation, and reduce deformability. This phenomenon can also be observed directly in this research. All of these, especially when the stenosis of the blood vessel affects the blood fluid rheology, will aggravate the erythrocyte aggregation and eventually accelerate thrombosis. In this project, the erythrocyte damage in a fixed shear stress environment has been evaluated. The variations of flow patterns in bionic microchannels reflected accurately the effect of erythrocyte injury on aggregation ability and the flow state in small vessels. The captured images of bionic microfluidic device tests show that there was no significant difference for the migration rate at 0 and 25 Pa (p = 0.52 > 0.05). However, significant differences were found between other groups (p < 0.01). The results indicate that with an increase of shear stress suffered by the erythrocyte, the migration rate of damaged erythrocyte in bionic microchannels significantly decreased. Meanwhile the aggregation of erythrocyte was clearly observed in 75 and 100 Pa groups. The results indicate that mechanical shear stress caused by erythrocyte injury, which enhanced aggregation ability of erythrocytes and increased blood viscosity, resulted in decreased blood rheological performance, eventually leading to thrombus formulation and adhesion in arterioles.
Conclusions
In this study, we used rheometer and bionic microfluidic devices to investigate and evaluate the effect of injury erythrocytes on flow patterns in bionic arterioles with stenosis segment. The variation of PFH concentration under different shear stress and exposure time in rheometers showed that the long exposure time in high shear stress environments would induce more damage of erythrocytes.
Meanwhile, LDH release with gradient changes under different shear stress and exposure times revealed that high shear stress was the main factor causing erythrocyte membrane injury, and a long exposure time could aggravate this trauma. Following this rheometer test, the damaged erythrocytes were collected and injected into a bionic microfluidic device which was designed to mimic arterioles with several continuous stenosis segments, to investigate and evaluate the flow pattern modification by red cell damage at different degrees. The results show that with the increase of shear stress, the migration rate of damaged erythrocyte declined and the aggregation of erythrocyte was clearly observed in bionic microchannels, which was consistent with the degree of erythrocyte damage assessed through the rheometer test. Our results indicate that mechanical shear stress was caused by erythrocyte injury, which enhanced aggregation ability of erythrocytes and increased blood viscosity and resulted in decreased blood rheological performance, eventually leading to thrombus formulation and adhesion in arterioles.
